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Abstract

Brown/beige adipocytes express uncoupling protein-1 (UCP1) that enables them to dissipate energy as heat. Systematic activation of this process can al-
leviate obesity. Human brown adipose tissues are interspersed in distinct anatomical regions including deep neck. We found that UCP1 enriched adipocytes
differentiated from precursors of this depot highly expressed ThTr2 transporter of thiamine and consumed thiamine during thermogenic activation of these
adipocytes by cAMP which mimics adrenergic stimulation. Inhibition of ThTr2 led to lower thiamine consumption with decreased proton leak respira-
tion reflecting reduced uncoupling. In the absence of thiamine, cAMP-induced uncoupling was diminished but restored by thiamine addition reaching the
highest levels at thiamine concentrations larger than present in human blood plasma. Thiamine is converted to thiamine pyrophosphate (TPP) in cells;
the addition of TPP to permeabilized adipocytes increased uncoupling fueled by TPP-dependent pyruvate dehydrogenase. ThTr2 inhibition also hampered
cAMP-dependent induction of UCP1, PGC1a, and other browning marker genes, and thermogenic induction of these genes was potentiated by thiamine in a
concentration-dependent manner. Our study reveals the importance of amply supplied thiamine during thermogenic activation in human adipocytes which
provides TPP for TPP-dependent enzymes not fully saturated with this cofactor and by potentiating the induction of thermogenic genes.
© 2023 The Author(s). Published by Elsevier Inc.
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1. Introduction

The highly adoptive and heterogeneous adipose tissue depots
have multiple functions which include storage of energy reservoirs,
production of hormones that control physiological processes, reg-
ulation of inflammatory responses, insulation of body parts, and

tissues (BAT) mediate energy expenditure via uncoupling protein-1
(UCP1) dependent uncoupling of proton gradient from ATP synthe-
sis to maintain constant core body temperature in newborns and
hibernating animals [2]. Human BAT was primarily regarded as a
tissue which was only present in infants and located at anatomi-
cal sites that are difficult to be reached. Positron emission tomog-

participation in heat production [1]. Thermogenic brown adipose raphy (PET) provided evidence that adult humans also have BAT
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which can be activated by cold exposure and adrenergic stimu-
lation [3,4]. Brown and variably “brownable” (often described as
beige) adipose tissue depots could be located in several anatomical
regions, including cervical deep neck (DN), supraclavicular, axillary,
paraspinal, and mediastinal depots [5].

Molecular signature of human DN adipose tissue and adipocytes
has been extensively investigated in the last decade. Cypess
et al. [6] reported that classical brown adipocytes originally de-
scribed in mice are present in the DN depot marked by high ex-
pression of UCP1, ZIC1, and LHX8. Others have found that hu-
man brown adipocytes derived from DN or supraclavicular area
have more resemblance to murine beige adipocytes [7,8] while
there are evidences that the molecular signatures of classical
brown and beige adipocytes are partially overlapping in DN de-
rived adipocytes [9,10]. Functional BAT isolated with the help
of PET-CT scan guidance from supraclavicular region after cold
exposure could be characterized by a large number of differ-
entially expressed genes (DEGs) in comparison to subcutaneous
(SC) white adipose tissue (WAT) [11]. Our previous study us-
ing stromal vascular fraction (SVF) isolated from neck tissues
also demonstrated that DN derived, differentiated adipocytes ex-
erted high browning capacity as compared to SC originated
ones [12] and characteristic pattern of DEGs revealed DN associ-
ated pathways which were upregulated (thermogenesis, interferon,
cytokine, and retinoic acid, with UCP1 as a prominent network
stabilizer) or downregulated (particularly extracellular matrix re-
modeling) upon brown differentiation. In the presence of the FTO
rs1421085 obesity-risk allele, the expression of mitochondrial and
thermogenesis genes was suppressed [12,13].

The augmentation of heat generation by brown/beige
adipocytes has been postulated as one of the promising ap-
proaches to treat obesity. They play an important role as metabolic
sink for glucose, fatty acids, and branched chain amino acids [14].
Enhancing differentiation of progenitor cells towards potentially
thermogenic brown/beige adipocytes and stimulating heat gen-
eration by the existing ones improve the systemic glucose and
lipid homeostasis resulting in a better metabolic health [15-17].
Abundance of thermogenic adipose tissue in humans is positively
correlated with lower body mass index [3]. Transplantation of
beige differentiated human adipose-derived stromal cells (hASCs)
into mice elevated systemic energy expenditure and decreased
body mass [18]. Using a browning gene signature algorithm, it
was found that brown adipocyte content in SC WAT increased
after caloric restriction and associated with weight loss and en-
ergy expenditure [11]. However, designing BAT based anti-obesity
protocols in humans requires detailed molecular information
about the activation pathways and understanding the long-term
maintenance of adipocyte thermogenesis.

Solute carrier (SLC) transporters serve as metabolic gates for
the cells and facilitate the transport of important biomolecules
such as glucose, amino acids, fatty acids, vitamins, and ions [19].
Thermogenic brown and beige adipocytes consume glucose and
fatty acids as fuels to generate heat and glucose transporter-4
(GLUT4), encoded by SLC2A4, and the fatty acid transporter-1, en-
coded by SLC27A1, mediate their uptake [20,21]. Catabolism of
branched chain amino acids in BAT controls energy homeostasis
through SLC25A44 [14]. Our previous study has revealed the impor-
tance of alanine-serine-cysteine transporter 1 (ASC1, SLC7A10) for
efficient thermogenic response in human neck derived adipocytes
during adrenergic stimulation [22]. A recently published article re-
ported that extracellular level of inosine regulated by Entl (en-
coded by SLC29A1) can determine browning of and heat generation
in adipocytes [23].

Here we report that the expression of 21 SLC transporters was
found differentially regulated in DN versus SC derived adipocytes.

Thiamine transporter (ThTr) 2, which is encoded by SLC19A3,
was among the upregulated SLCs in DN derived adipocytes. Thi-
amine, the water-soluble vitamin B1, is available in nM concen-
trations in blood plasma and converted to its active form thi-
amine pyrophosphate (TPP) by TPP kinase (TPK) in cells [24]. Sev-
eral metabolic pathways, such as tricarboxylic acid (TCA) cycle and
pentose-phosphate cycle require TPP because it acts as a coen-
zyme for pyruvate dehydrogenase (PDH) (catalyzes the conversion
of pyruvate to acetyl-CoA), «-ketoglutarate dehydrogenase (cat-
alyzes the conversion of a-ketoglutarate to succinyl-CoA), trans-
ketolase (shifts excess fructose-6-phosphate to glyceraldehyde-3-
phosphate) and branched chain o keto-acid dehydrogenase (me-
diates anaplerosis of TCA). Most of the reactions catalyzed by TPP-
dependent enzymes contribute to production of NADH in the mi-
tochondria feeding the electron transport chain to generate the
proton gradient. Therefore, thiamine plays a critical role in en-
ergy metabolism and thiamine deficiency leads to the accumula-
tion of anaerobic metabolites, such as lactate, and severe neurolog-
ical symptoms [24]. The prevalence of thiamine deficiency is high
in less developed countries of Asia and Africa leading to beriberi,
one of the major causes of death in infants [25].

Our presented data demonstrate the significance of ThTr2 and
the importance of the availability of thiamine during thermogenic
activation in human DN derived adipocytes. The inhibition of ThTr2
by its potent inhibitor in the presence of thiamine and thiamine
depletion in the cell culture decreased cAMP-mediated thermo-
genic proton leak respiration and halted the cAMP-stimulated in-
duction of thermogenic marker genes in DN derived adipocytes
with a less pronounced effect in SC adipocytes. The direct stim-
ulation of the TPP-dependent mitochondrial PDH in permeabilized
adipocytes elevated proton leak respiration. The results raise the
possibility of using thiamine-dependent regulation mechanism to
augment heat generation by thermogenic adipocytes for preven-
tion or treatment of obesity.

2. Materials and methods
2.1. Materials

All chemicals were from Sigma-Aldrich (Munich, Germany) un-
less stated otherwise.

2.2. Ethics statement and obtained tissue samples

Tissue collection was approved by the Medical Research Coun-
cil of Hungary (20571-2/2017/EKU) followed by the EU Member
States’ Directive 2004/23/EC on presumed consent practice for tis-
sue collection. All experiments were carried out in accordance with
the guidelines of the Helsinki Declaration. Written informed con-
sent was obtained from all participants before the surgical proce-
dure. During thyroid surgeries, a pair of DN and SC adipose tis-
sue samples was obtained to rule out inter-individual variations.
Patients with known diabetes, malignant tumor or with abnor-
mal thyroid hormone levels at the time of surgery were excluded.
HASCs were isolated from SC and DN fat biopsies as described pre-
viously [12,26]. Wherever indicated, 10-30 mg of SC and DN tissue
samples from the same donors were floated for 10 h in DMEM-
F12-HAM, at 37°C and 5% CO, in empty medium, in the presence
of 500 uM dibutyryl-cAMP (cat#D0627) alone or in the presence
of 500 uM dibutyryl-cAMP and 1uM fedratinib (Selleck Chemicals
LLC cat#S2736, Houston, TX, USA) or amprolium 300 uM (cat#137-
88-2) [26].
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2.3. Differentiation and treatment of hASCs

Human primary adipocytes (ADIP) were differentiated from
SVF of adipose tissue containing preadipocytes according to a
described protocol applying insulin, cortisol, T3, dexamethasone
and short-term rosiglitazone treatment [27]. We also differenti-
ated preadipocytes under long-term rosiglitazone effect resulting
in higher browning capacity of the adipocytes (B-ADIP) [12,28]. In
DMEM-F12-HAM medium, ADIP and B-ADIP were treated with a
single bolus of 500 uM dibutyryl-cAMP for 10 h to mimic in vivo
cold-induced thermogenesis [22]. Fedratinib 1 uM or amprolium
300 uM was administered to inhibit ThTr activity. Oxythiamine
300 puM (cat#614-05-1) or devimistat 75 uM (MedChem Express
cat#HY-15453, Monmouth Junction, NJ, USA) was administered to
inhibit the activity of TPP-requiring enzymes. In thiamine concen-
tration dependence thermogenic experiments, we used custom-
made thiamine free culture fluid (Gibco cat#ME2107367, Waltham,
MA, USA) treating adipocytes with the gradually increasing con-
centrations of thiamine (cat# 731188), 40 nM, 200 nM, 1 uM, 5
uM, or 25 uM in the presence or absence of cAMP stimulation for
10 h.

2.4. RNA isolation and quantitative real time PCR (RT-qPCR)

Cells were collected, total RNA was isolated, and RT-qPCR
was performed as described previously [29,30]. Gene primers and
probes were designed and supplied by Thermo Fisher Scientific
(Waltham, MA, USA) as listed in Supplementary Table S1.

2.5. Immunoblotting and densitometry

Immunoblotting and densitometry were carried out as de-
scribed previously [31]. Antibodies and working dilutions are listed
in Supplementary Table S2.

2.6. Oxygen Consumption (OCR) and extracellular acidification rate
(ECAR) measurement

OCR and ECAR of adipocytes were measured using an XF96
oxymeter (Seahorse Biosciences, North Billerica, MA, USA) as de-
scribed previously [29,30]. After recording the baseline OCR, 500
uM dibutyryl-cAMP, 1uM fedratinib, 300 uM amprolium, 300 uM
oxythiamine, 75 uM devimistat, or combination of cAMP and one
of the inhibitors were injected to the cells. In this experimental
setting, cells were pre-incubated for 1 h and treated in Agilent
Seahorse XF Base Medium (Agilent Technologies, cat#103334-100),
which is optimized for extracellular flux assays and contains thi-
amine at 8.2 pM concentration.

For thiamine concentration dependence experiment, we incu-
bated the adipocytes in thiamine free culture fluid 1 h before
the extracellular flux assay. After recording the baseline OCR, 500
uM dibutyryl-cAMP and gradually increasing concentrations of thi-
amine were co-injected. Then, stimulated OCR was recorded every
30 min in both types of experimental settings. Proton leak respi-
ration was monitored after injecting oligomycin (cat#495455) at
2 uM concentration. Cells received a single bolus of Antimycin A
(cat#A8674) at 10 uM concentration for baseline correction (mea-
suring nonmitochondrial respiration). The OCR was normalized to
protein content.

To study the direct effect of TPP on PDH activity, a Seahorse-
based assay was optimized for adipocytes [32]. To SC and DN
derived adipocytes a mitochondrial assay solution containing 600
mM mannitol (cat#M4125), 210 mM sucrose, 30 mM KH;POy,
1.5 mM MgCl,, 6mM HEPES, 3 mM EGTA, 0.6% BSA, 4 mM ADP
(cat#01905), and 10 mM pyruvate (cat#P76209) + 5 mM malate

(cat#M7397), pH 7.4, was added before the measurement. Mem-
brane permeabilizer (Agilent cat#102504-100, Santa Clara, CA,
USA) at 1 nM concentration and 300 uM TPP (cat#PHR1369) were
administered to the adipocytes after recording the basal OCR for
10 min. Then, OCR of permabilized adipocytes was recorded ev-
ery 5 min. Proton leak respiration was determined after injecting
oligomycin at 2 uM concentration. Permeabilized cells received a
single bolus of Antimycin A at 10 uM concentration for baseline
correction.

2.7. Measurement of thiamine concentration

The cell culture fluids were collected, then filtered using
Nanosep 3 kDa spin column (Pall Corp, New York, NY, USA) at
12,800 x g, 4°C for 10 min, to get rid of the debris and the
high molecular weight components. The filtrates were spiked with
stable isotope-labeled (SIL) thiamine (cat#731188) in 2 ng/mL fi-
nal concentration and introduced to the autosampler of the UPLC.
About 1 uL of the sample was injected in duplicates and the
separation was done on H-class UPLC (Waters, Milford, MA, USA)
using a 17.5-min gradient and AccQ-TagTM ULTRA C18 1.7 um,
2.1 x 100 mm (Waters) analytical column. Buffer A was 10 mM
ammonium formate, 0.1% formic acid in water, the buffer B was 10
mM ammonium formate, 0.1% formic acid in methanol. The UPLC
was coupled online to a 5500 QTRAP (Sciex, Framingham, MA,
USA) mass spectrometer and the SRM transitions characteristic for
SIL thiamine (268.8/148, 268.8/122, 268.8/81) and endogenous thi-
amine (265/144, 265/122, 265/81) were recorded. The area under
the curve (AUC) values were calculated for the transitions and the
compound-specific values were summed in the case of each com-
pound. Normalization was carried out using the mean AUC values
for SIL thiamine and the normalized values were used to calculate
the thiamine concentration by utilizing a 7-point calibration curve
in the range of 0.5-40 ng/mL of thiamine.

2.8. Statistical analysis

The results are expressed as mean + SD. Normality of distribu-
tion of the data was tested by Kolmogorov-Smirnov test. In com-
parison of 2 groups, unpaired t-test was used. The data were vi-
sualized and analyzed by using GraphPad Prism 8 (GraphPad Soft-
ware, San Diego, CA, USA).

3. Results

3.1. UCP1 enriched adipocytes express high level of thiamine
transporter 2

Previously, we have studied differentiated adipocyte population
derived from SVFs of paired DN and SC adipose tissue biopsies
of nine donors and compared their global gene expression pat-
terns by RNA sequencing [12]. The adipocytes were differentiated
by regular adipogenic differentiation medium (ADIP) or long-term
rosiglitazone treatment (B-ADIP) which enhanced brown differen-
tiation [12]. There were 1049 DEGs found in DN and SC compari-
son, and DN derived adipocytes showed higher browning content
and capacity quantified by BATLAS and ProFAT scores, respectively
[11,33]. To search for so far not identified regulators of browning
among these DEGs we thought to investigate nutrient transporters
since active brown/beige adipocytes consume high amounts of cel-
lular nutrients as well as metabolic cofactors to provide sufficient
fuel for heat generation [34] and some SLC transporters have been
already shown to play a crucial role in mediating their trans-
port into cells [20,21,14]. The expression of previously described
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SLCs, such as SLC27A1 and SLC2A4/GLUT4 was induced in differ-
entiated adipocytes derived from SC and DN (Supplementary Fig.
S1A-B). The expression level of both SLC27A1 and SLC2A4 was al-
ready high without thermogenic stimulation in both ADIP and B-
ADIP (Supplementary Fig. S1A-B). The UCP1 mRNA level was af-
fected by anatomical location as we found it higher DN as com-
pared to SC irrespective to the applied differentiation protocol
(Supplementary Fig. S1C). Among the DEGs, we found 21 SLC trans-
porters (Fig. 1A) regulated by either the anatomical location (15
upregulated, 3 downregulated in DN vs. SC ADIPs) or the applied
differentiation protocol (3 strongly upregulated in both SC and
DN B-ADIPs). Narrowing our interest, we decided to focus on an
SLC which was induced during adipocyte differentiation, expressed
higher in strongly thermogenic DN adipocytes differentiated in the
presence of rosiglitazone (B-ADIP) and transports a nutrient essen-
tial for humans. One of such SLC genes with higher expression in
DN ADIP was thiamine transporter 2, ThTr2 (encoded by SLC19A3),
which was undetectable in preadipocytes and was strongly in-
duced during differentiation (Fig. 1B). The expression of ThTr2 was
found higher in adipocytes derived from DN compared to SC ones,
irrespective to the applied differentiation protocol (Fig. 1B) and
gPCR analysis with independent donors validated differential ex-
pression. Protein levels of ThTr2 detected by immunoblotting were
similar to the UCP1 pattern showing that ThTr2 was more ex-
pressed in high UCP1 containing DN derived adipocytes (Fig. 1C).
ThTr1, encoded by SLC19A2, had lower expression level and was
not differentially expressed between SC and DN derived adipocytes
(Fig. 1C and D).

According to a publicly available transcriptomic data set of ther-
mogenic adipocytes derived from progenitors of human abdomi-
nal SC WAT [35], adrenergic stimulation elevated the mRNA ex-
pression of both ThTrs (Supplementary Fig. SID-E). An RNA-seq-
based screen identified ThTr2 as adipose tissue-specific; its highest
expression in this tissue dominantly correlated with the expres-
sion of mitochondrial genes pointing to a possible link between
the presence of ThTr2 and brown/beige adipocytes [36]. Analysis
of RNA-seq data of Perdikari et al. [11] reveals that ThTr2 expres-
sion is higher than ThTr1 expression (estimated by mRNA counts)
in both human WAT and BAT obtained by needle biopsies from the
neck area (Supplementary Fig. S1F and G). These data along with
our observations (Fig. 1) suggested that ThTr2 and thiamine might
have a role in the regulation of adipocyte thermogenesis.

3.2. Inhibition of ThTr2 hampers uncoupled respiration of adipocytes

To investigate the possible significance of ThTr2 during thermo-
genic activation in DN and SC derived adipocytes, we treated differ-
entiated adipocytes with dibutyryl-cAMP (which mimics adrener-
gic stimulation) in the presence of a potent ThTr2 inhibitor, fedra-
tinib [37] and measured OCR in a generally used culture medium
which contains thiamine at 8.2 uM concentration. As expected,
OCR was elevated immediately upon cAMP addition to DN derived
ADIP while the response of SC derived ADIP was moderate. Fedra-
tinib abrogated the cAMP-stimulated elevation of OCR of ADIPs de-
rived from both DN (Fig. 2A, left and middle panels) and SC depots
(Fig. 2B, left and middle panels) during the 10 h monitoring. Pro-
ton leak respiration that correlates mainly with UCP1-dependent
heat generation was measured upon the injection of the ATP syn-
thase blocker, oligomycin. We found that cAMP-stimulated proton
leak respiration was reduced by fedratinib in both DN (Fig. 2A,
left and middle panels) and SC (Fig. 2B, left and middle panels)
ADIPs. This inhibitory effect of fedratinib was also observed in DN
and SC adipocytes with more pronounced browning (B-ADIPs) re-
sulted from their differentiation with constant PPARy stimulation
by rosiglitazone (Supplementary Fig. S2, left and middle panels).

Fedratinib can also inhibit some tyrosine kinases including JAK2
[37] and although tyrosine kinases are not known to be involved in
adrenergic signaling of cultured adipocytes, we found it necessary
to test also the effect of the thiamine analogue amprolium that
inhibits the thiamine transport activity of both ThTr2 and ThTr1,
with IC59 0.620+0.27 and 2.60+0.93 uM, respectively [38]. Ampro-
lium was also effective in significantly reducing cAMP-stimulated
maximal and proton leak respiration in both DN (Fig. 2C, left and
middle panels) and SC (Fig. 2D, left and middle panels) derived
ADIPs. cAMP-stimulated ECAR was not affected by the inhibition
of ThTr2 by fedratinib in the adipocytes (Fig. 2A and B and Supple-
mentary Fig. S2A-B, right panels) while amprolium treatment led
to its decrease (Fig. 2C-D, right panels) in DN ADIP. The inhibitory
effects of fedratinib and amprolium on OCR and proton leak res-
piration clearly show that continuous supply of thiamine through
its transporters is needed for efficient thermogenic response of
adipocytes.

Oxythiamine is an antivitamin derivative of thiamine which
competitively inhibits thiamine transport and also TPK, restrict-
ing the level of TPP, and at the same time become pyrophospho-
rylated to oxythiamine-pyrophosphate which competes with the
coenzyme function of TPP [39]. We found that oxythiamine de-
creased cAMP-stimulated OCR of DN (Supplementary Fig. S3A) and
SC ADIPs (Supplementary Fig. S3B) at 5 and 10 h after injection.
However, proton leak respiration was not affected by oxythiamine
in either DN or SC derived ADIPs. ECAR was decreased by oxythi-
amine in both ADIP types (Supplementary Fig. S3A and B). It has
been reported that oxythiamine does not inhibit ThTrs as effi-
ciently as fedratinib or amprolium [38] suggesting that high thi-
amine uptake could still occur in the adipocytes upon oxythiamine
treatment which may explain why oxythiamine at the applied con-
centration did not decrease proton leak respiration.

3.3. Thiamine enhances thermogenic activation of adipocytes in a
concentration-dependent manner

As a next step, we studied the importance of thiamine avail-
ability during thermogenic activation of adipocytes using a thi-
amine free culture medium and co-injection of cAMP with grad-
ually increasing concentrations of thiamine (Fig. 3A). In the ab-
sence of thiamine, as compared to 8.2 uM concentration present
in regular culture medium, cAMP-induced OCR to maximal res-
piration rate was lower in both DN and SC ADIPs (comparing
data on Fig. 3A and B to Fig. 2A and B). cAMP-stimulated max-
imal respiration was increased already after addition of thiamine
at 40 nM concentration and elevated further at rising concentra-
tions up to 25 uM (Fig. 3A) demonstrating that thiamine availabil-
ity in abundance has critical importance during thermogenic ac-
tivation of adipocytes. To determine the effect of increasing thi-
amine concentration on UCP1-dependent portion of cellular respi-
ration, we calculated the OCR observed following oligomycin in-
jection and found that increasing thiamine concentration resulted
in higher proton leak respiration which could be observed already
at 40 nM thiamine level (Fig. 3A). At this thiamine concentration
we estimated the amount of thiamine used up from the culture
fluid during 10 h of cAMP stimulation of DN ADIP derived from
four independent donors. By measuring actual thiamine concen-
trations and comparing culture media of unstimulated and cAMP
treated adipocytes, we found that 10° stimulated adipocytes con-
sumed 9.754+3.15 (mean +SD) pmol thiamine compared to not de-
tectable consumption by unstimulated adipocytes. Thiamine con-
sumption was decreased to 4.324+1.70 and 2.874+0.71 pmol (P<.05)
per 10° cells in the presence of 1 uM fedratinib or 300 pM ampro-
lium, respectively.
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Fig. 1. Expression pattern of solute carrier (SLC) and thiamine transporters, ThTr1 and ThTr2 in subcutaneous (SC) and deep neck (DN) adipocytes. SC and DN derived
preadipocytes were differentiated into ADIP and B-ADIP. (A) Heatmap displaying the expression of 21 SLC transporter genes in SC and DN progenitors differentiated to ADIP
and B-ADIP. (B) mRNA expression of ThTr2 based on RNA-seq data, n=9, and assessed by RT-qPCR, n=6. (C) Detection and quantification of ThTr2, ThTr1, and UCP1 protein
expression (normalized to tubulin) by immunoblotting, n=4 or 3 (ThTr1) (D) mRNA expression of ThTr1 based on RNA-seq data, n=9, and assessed by RT-qPCR, n=4. PA,
preadipocyte; ADIP, adipocytes. Statistical analysis was performed by unpaired t-test, *P<.05, **P<.01 or GLM (B and D RNA-seq).

3.4. Activity of TPP-dependent PDH can be increased by TPP in

permeabilized adipocytes

To further understand the mechanism of thermogenic action
of thiamine, which is converted to the biochemically active com-

pound TPP in cells, we optimized a Seahorse-based respiration
assay to monitor the activity of one of the TPP-dependent en-
zyme complexes, PDH, in cell membrane-permeabilized adipocytes
which enabled us to study mitochondrial function without isolat-
ing mitochondria (Fig. 3B). Substrates for PDH and TCA cycle were
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Fig. 2. Effect of thiamine transporter inhibitors on the cAMP-induced oxygen consumption (OCR) and extracellular acidification (ECAR) rates in human deep neck (DN) and sub-
cutaneous (SC) derived adipocytes. SC and DN derived preadipocytes were differentiated into ADIP, then OCRs were detected for 10 h following the injection of dibutyryl-cAMP
in the presence or absence of thiamine transporter inhibitors, fedratinib (A and B) or amprolium (C and D). Each left panel shows representative curves of 4 measurements.
OCR at basal, 1, 5, and 10 h post-injection, and after oligomycin addition (middle panels), and ECAR (right panels) were quantified in ADIPs derived from four independent

donors. Statistical analysis was performed by unpaired t-test, *P<.05, **P<.01.
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added to drive NADH generation. Upon the injection of membrane
permeabilizer, OCR dropped as expected in both DN and SC derived
ADIPs (Fig. 3C). However, the difference in basal OCR between DN
and SC ADIPs as well as responsiveness to oligomycin were main-
tained under the permeabilized conditions. TPP addition signifi-
cantly increased both maximal mitochondrial and proton leak res-
piration in DN derived ADIPs while a less pronounced effect was
observed in SC ADIP (Fig. 3C). Transport of TPP to mitochondria
is mediated by TPC, encoded by SLC25A19, which was expressed
higher in DN as compared to SC derived adipocytes and cAMP ele-
vated its expression, indicating the increased demand of TPP in the
mitochondria during thermogenic activation (Supplementary Fig.
S4A and B). It is worth noting that ThTr2 inhibition did not influ-
ence protein expression of TPC or PDH subunit alpha (PDHA1), and
the latter was not affected by increasing thiamine availability ei-
ther (Supplementary Fig. S4C and D). The results obtained with the
permeabilized adipocytes suggest that TPP-dependent PDH entities,
which generate metabolic fuel for thermogenesis, are not fully sat-
urated with bound TPP in differentiated adipocytes. This implies
that excess thiamine converted to TPP in stimulated adipocytes can
increase respiration and thermogenesis through elevating the level
of TPP bound enzymes and thereby NADH production.

We also investigated the effect of inhibiting another compo-
nent of the PDH complex, the E2 subunit, in intact adipocytes.
We treated the cells with cAMP analogue in the presence of lipoic
acid antagonist, devimistat [40]. Lipoic acid is an important co-
factor for several mitochondrial enzyme complexes, such as PDH,
o-ketoglutarate dehydrogenase, and branched-chain ketoacid de-
hydrogenase [41]. Devimistat inhibited cAMP-stimulated elevation
of OCR in both DN (Supplementary Fig. S3C) and SC (Supplemen-
tary Fig. S3D) ADIPs at 1, 5, and 10 h after injection. It increased
ECAR in SC but did not affect that in DN ADIP (Supplementary Fig.
S3C and D, right panels). Importantly, proton leak respiration was
decreased upon addition of devimistat indicating that continuous
availability of cofactors for steady-state activity of TPP-dependent
enzymes is critical for maintaining effective thermogenic stimula-
tion.

3.5. Inhibition of thiamine transport leads to lower expression of
thermogenic genes in thermogenic adipocytes and adipose tissue
biopsies

The hampered thermogenesis observed in the presence of ThTr
inhibitors raised the possibility that limited thiamine availability
could influence thermogenic gene expression. As described earlier
[12], DN ADIPs expressed UCP1 (Fig. 4A) and PGCla (Fig. 4B) at
a higher level than SC derived ones. cAMP increased the mRNA
and protein expression of these thermogenic marker genes in both
SC and DN ADIPs at thiamine concentration present in the stan-
dard medium (Fig. 4A-C). Inhibition of ThTrs by either fedratinib or
amprolium resulted in attenuated cAMP-dependent upregulation of
UCP1 and PGCla (Fig. 4A-C). Furthermore, the high expression of
both UCP1 and PGCla in DN ADIP was decreased as a result of
inhibitor treatments even in the absence of cAMP stimulation sug-
gesting that continuous supply of thiamine is needed to maintain a
high basal expression of these thermogenic genes. We observed a
reduced expression of additional thermogenic marker genes, such
as DIO2, CITED1, CIDEA, and TBX1 in response to fedratinib during
thermogenic activation (Fig. 4D-G). Expression of ThTr2 was not
affected by the inhibitor suggesting that addition of fedratinib de-
creased only its activity (Supplementary Fig. S5A and B). ThTr1 ex-
pression was not influenced either (Supplementary Fig. S5C and D).

We also investigated the effect of fedratinib on thermogenic
gene expression in SC and DN derived B-ADIPs. We found that
cAMP could not elevate further the mRNA and protein expression

of UCP1 and PGC1a as their basal expression in B-ADIP was already
high (Supplementary Fig. S6A-C). However, ThTr2 inhibition led
to their decreased expression (Supplementary Fig. S6A-C) and ex-
pression of DIO2 and TBX1 was also hampered by fedratinib treat-
ment (Supplementary Fig. S6D and E) demonstrating that thiamine
transport is needed for keeping the high expression of thermogenic
genes in brown differentiated, thermogenically activated B-ADIPs
as well.

The protein expression of mitochondrial complex subunits I-IV
showed an increasing trend in cAMP treated ADIPs at the standard
level of thiamine in the culture medium and this could be down-
regulated by either fedratinib or amprolium (Supplementary Fig.
S7A-E). The amount of mitochondrial complex V subunit was not
affected by either cAMP or the applied inhibitors (Supplementary
Fig. S7F).

Inhibition of TPP-requiring enzyme complexes by devimistat re-
sulted in reduced cAMP- and thiamine-dependent upregulation of
UCP1 and PGC1a mRNA and protein expression in both SC and DN
ADIPs (Supplementary Fig. S8). However, we did not observe any
inhibitory effect of oxythiamine on the expression of these genes
in ADIPs (Supplementary Fig. S8).

Next, we addressed the question whether inhibition of ThTrs af-
fects the protein expression of thermogenic markers and ThTrs in
situ. Pairs of SC and DN biopsies were dissected into three small
pieces which were incubated in culture media with 8.2 puM thi-
amine. The first sample served as a control, the second was sub-
jected to cAMP-mediated thermogenic activation, the third one re-
ceived co-treatment of cAMP and either fedratinib or amprolium
(Fig. 4H). In accordance with the literature and our previous ex vivo
observations, UCP1 and PGCla were expressed at a higher level in
DN compared to SC biopsies (Fig. 4 I and ]J). UCP1 and PGCla were
remarkably upregulated in response to cAMP-dependent activation,
which effect was significantly inhibited by fedratinib and ampro-
lium in both SC and DN adipose tissues (Fig. 4 I and ]). The ex-
pression of ThTrs was not significantly affected by either cAMP or
its co-administration with the ThTrs inhibitors (Supplementary Fig.
S5E and F).

3.6. Thiamine potentiates thermogenic gene induction in adipocytes

As we observed the elevation of proton leak respiration fol-
lowing a gradually increasing concentrations of thiamine, we pre-
sumed that expression of thermogenic marker genes was also reg-
ulated by thiamine availability. Using thiamine free culture fluid,
we could observe that cAMP-stimulated upregulation of UCP1
and PGCla was potentiated by applying increasing concentra-
tions of thiamine (Fig. 5A-C). Regarding UCP1, this effect of thi-
amine was observed at its 40 nM and 1 uM levels in SC and
DN ADIPs, respectively, while PGCla expression was potentiated
at 40 nM in both. We also investigated the effect of thiamine
on the mRNA expression of DIO2, CITED1, CIDEA, and TBX1 and
found that thiamine potentiated the cAMP-induced thermogenic
effect in both SC and DN derived ADIPs already at its low con-
centrations (Fig. 5D-G). These results clearly showed that thi-
amine could potentiate cAMP-induced expression of thermogenic
genes.

Thiamine availability did not affect the mRNA and protein ex-
pression of ThTr2 (Supplementary Fig. S5G and H) in either SC
or DN ADIPs. In DN derived ADIPs, we detected increased mi-
tochondrial complex II and IV expression when the adipocytes
were treated with thiamine at 200 nM or 1 pM concentra-
tions, respectively, as compared to the lack of thiamine. How-
ever, higher concentration of thiamine could not increase the
expression of complex II and IV subunits further (Supplemen-
tary Fig. S9). The expression of complex subunits I, III, and
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Fig. 4. Effect of thiamine transporter inhibitors on the basal and cAMP-induced expression of thermogenic marker genes in human deep neck (DN) and subcutaneous (SC)
derived adipocytes. After differentiation, ADIPs were treated with 500 uM dibutyryl-cAMP in the presence or absence of thiamine transporter inhibitors, fedratinib (Fed) or
amprolium (Ampro) for 10 h. (A and B) mRNA expression of UCP1 and PGC1a detected by RT-qPCR, n=4. (C) Protein expression of UCP1 and PCG1a detected by immunoblotting,
n=4. (D-G) mRNA expression of DIO2, CITED1, CIDEA, and TBX1 detected by RT-qPCR, n=5. (H) Schematic experimental design of human biopsies floating. (I and ]) Protein
expression of UCP1 and PGC1a, in human SC and DN biopsies detected by immunoblotting in the presence of fed (I) or ampro (J), n=3 (different donors for the fedratinib and

amprolium experiments). *P<.05, **P<.01, statistical analysis by unpaired t-test.

V was not affected by thiamine availability (except complex I
at high thiamine concentration) in either SC or DN derived
ADIPs.

4. Discussion

Characterization of brown and beige adipocytes in adipose tis-
sue depots of mice and humans has been significantly advanced
during the last couple of years. These cells have to be activated for
heat generation, mainly by adrenergic stimuli, and our knowledge
about metabolic and regulatory processes of stimulated adipocytes

is not complete. According to our presented results, thiamine is es-
sential for adrenergic induction of highly efficient adipocyte ther-
mogenesis. It must be available and transported into adipocytes in
sufficient amount to provide TPP for a group of NADH generating
enzymes, such as PDH, which lack this essential cofactor, and to
potentiate the increased expression of critical thermogenesis genes,
such as UCP1.

Physiological thiamine levels in adults are in the nM range
varying pursuant to dietary conditions [25,42]. The concentration
of thiamine is much higher in medium of usual cell culture con-
ditions (close to the 10 pM range) ensuring the availability of
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Fig. 5. Effect of increasing concentrations of thiamine (Th) on thermogenic gene induction in human deep neck (DN) and subcutaneous (SC) derived adipocytes. After differ-
entiation, ADIPs were incubated in Th free media for 1 h, then treated with 500 uM dibutyryl-cAMP and gradually increasing concentrations of Th for 10 h. (A and B) mRNA
expression of UCP1 and PGCla assessed by RT-qPCR, n=5. (C) UCP1 and PGCla protein expression detected by immunoblotting, n=4. (D-G) mRNA expression of DIO2, CITED1,
CIDEA, and TBX1, n=5. U: untreated. Statistical analysis was performed by unpaired t-test (*#P<.05, **##P<.01), *comparing data at each concentration of Th to the lack of Th

or # comparing the indicated groups.

excess thiamine for cell growth. In case of the studied thermo-
genic adipocytes, this is sufficiently abundant for maintaining high
respiration rate and proton gradient for UCP1 mediated uncou-
pling upon adrenergic stimulation. The lack of thiamine in the
culture fluid almost halted cAMP-stimulated proton leak respira-
tion. Increasing the concentration of thiamine generated gradually
growing respiration and proton leak, reaching maximum values at
uM thiamine levels, which suggests that heat generating capac-
ity of human adipocytes is underutilized at thiamine concentra-
tions present in human tissues (Fig. 3A). Of note, total thiamine
concentration in human blood plasma is nearly an order of mag-

nitude lower than it is in rodents and other animals which can
easily adapt to cold environmental temperature [43]. In fact, while
the total (free + protein-bound) thiamine concentration in human
plasma is 10-20 nM in healthy individuals, it is several hundred
nM in rodent plasma, which also contains high amounts of thi-
amine monophosphate [41,44]. Our finding that human adipocytes
require abundant thiamine for high thermogenic response raises
the possibility that the low thermogenic activity of human com-
pared to mouse adipose tissues [45] can be boosted by significantly
increasing the level of thiamine in blood plasma; the latter is
achievable with oral consumption of thiamine hydrochloride [46].



R. Arianti, BA. Vinnai, F. Gyéry et al./Journal of Nutritional Biochemistry 119 (2023) 109385 11

Thiamine uptake by cells appears to be mainly mediated by
the ThTr1 and 2, which depend on a transcellular proton gradient
[24]. Our data show that adipocyte differentiation induced the
mRNA expression of ThTr2 and ThTr1 in both SC and DN derived
adipocytes, and 10° DN adipocytes consume approximately 10
pmol thiamine during 10 h of adrenergic stimulation at 40 nM
extracellular thiamine concentration. The high affinity ThTr2
(ThTr2 has an influx constant Kt of 25 nM while ThTr1 works
at 2.5 uM) [24] may play a more pronounced role than ThTrl
in the continuous uptake of thiamine during the thermogenic
response of adipocytes since its expression level was found to be
higher in potentially thermogenic adipocytes (Fig. 1) [11,35,36]
and its inhibitor fedratinib could significantly decrease respiration
in stimulated adipocytes (Fig. 2A and B). We could show the pres-
ence of ThTrs at protein level in human SC and DN adipose tissue
biopsies where fedratinib and amprolium could inhibit induction
of UCP1 and PGCla by adrenergic stimulation (Fig. 41 and ]).
These results suggest that the high affinity ThTr2 is available in
tissue adipocytes for uptake of high amounts of thiamine, which
in turn can facilitate their thermogenesis as we could demon-
strate it in the presented experiments using neck area derived
adipocytes.

Fedratinib is used in myelofibrosis therapy as a selective in-
hibitor of JAK2 [47]. This raises the possibility that the observed
effects of fedratinib on thermogenic activation might be due to
inhibition of an activated tyrosine kinase, especially in view that
JAK2~/~ mice were unable to upregulate BAT UCP1 following a
high-fat diet or after cold exposure [48]. However, involvement of
JAK2 in BAT regulation could be demonstrated only in vivo, in the
presence of non-adipocyte tissue cells (which is not the case in
our ex vivo differentiated adipocytes) and it was dispensable for
induction of UCP1 thermogenesis in WAT through beige adipocytes
which are presumed to be dominant among DN adipocytes [7-
10,12,49]. Nevertheless, we carried out all of our critical experi-
ments applying the competitive ThTr inhibitor amprolium as well
and found that the inhibition of thermogenic response by ampro-
lium was comparable to the fedratinib effect (Fig. 2C and D). We
also observed the inhibitory effect of both fedratinib and ampro-
lium on thiamine consumption by DN derived adipocytes during
their adrenergic stimulation.

Cells with high demand of metabolic fuel, such as active
brown/beige adipocytes, need extra amount of thiamine to boost
the activity of TPP-requiring pyruvate and o-ketoglutarate dehy-
drogenases that generate reduced equivalents for mitochondrial
proton gradient. It is generally assumed that in adipocytes these
enzymes are fully saturated with TPP at the end of adipocyte dif-
ferentiation taking place at high thiamine levels which can pro-
vide sufficient TPP for turnover of the enzymes and its prosthetic
groups. Seeing the strong stimulatory effect of thiamine on max-
imal and proton leak respiration of adipocytes activated for ther-
mogenesis, we speculated that part of the TPP-requiring, NADH
generating enzyme population does not contain TPP before ther-
mogenic activation. Indeed, we could observe direct stimulation of
respiration after addition of TPP to cell membrane-permeabilized
adipocytes (differentiated in thiamine rich culture fluid) under
condition optimized for monitoring PDH-dependent NADH gener-
ation (Fig. 3C), and where mitochondrial pyruvate carrier-1 (MPC1)
could mediate the transport of pyruvate from the cytosol to mi-
tochondria to fuel the TCA cycle [50]. The protein expression of
the TPP binding PDHA1 was not affected either by ThTr inhibitors
or thiamine availability in intact adipocytes (Supplementary Fig.
S4C and D). Therefore, it is likely that thermogenic activation of
adipocytes in the presence of abundant thiamine results in in-
creased number of TPP containing PDH (and likely «-ketoglutarate
dehydrogenase) subunits which may explain how transported thi-

amine can increase maximal and uncoupled respiration. Further
studies are needed to clarify the mechanism of how adipocytes
regulate TPP availability for TCA cycle enzymes during thermoge-
nesis. A possible explanation is that they increase the activity of
the mitochondrial TPP transporter, TPC. Significantly elevated TPC
mRNA was observed in human BAT as compared to WAT [11] (Sup-
plementary Fig. STH). We also found that the mRNA and protein
expression of TPC was elevated upon cAMP treatment of DN de-
rived ADIPs (Supplementary Fig. S4A and B) suggesting that TPC
may provide the extra TPP needed in the mitochondria during
thermogenic activation for higher PDH and «-ketoglutarate dehy-
drogenase activity of the TCA cycle. TPP stimulation of mitochon-
drial respiration of differentiated cells is not unique for adipocytes:
a study using mitochondria isolated from mouse brain showed that
TPP treatment elevated OCR and ATP turnover [51].

It was a surprising finding in our study that thiamine avail-
ability could be linked to regulation of thermogenic gene expres-
sion. Inhibition of thiamine transport into stimulated adipocytes
resulted in lower the expression of UCP1 and other thermogenic
markers induced upon adrenergic stimulation (Fig. 4A-G). Addi-
tion of thiamine in thiamine free culture condition to the stim-
ulated adipocytes could increase the expression of these genes
in a concentration-dependent manner (Fig. 5). We can only spec-
ulate about the mechanism of how thiamine may contribute to
induction of thermogenic genes during adrenergic stimulation of
adipocytes. The 5fon-coding region of the UCP1 gene contains reg-
ulatory elements that confer tissue specificity, differentiation de-
pendence, and neuro-hormonal regulation to UCP1 gene transcrip-
tion [52] through interactions with a large number of transcrip-
tion regulators including cAMP-responsive transcription factors as
well as the PGC-1a co-regulator. Transcriptional regulation of the
UCP1 gene by cAMP-mediated signaling is provided by protein ki-
nase A mediated rapid phosphorylation of the CREB transcription
factor at the proximal UCP1 promoter region and p38 MAP kinase-
mediated phosphorylation of ATF2 at the upstream enhancer re-
gion [53] constituting a fast mechanism of regulation. Thiamine or
TPP may directly influence this concerted transcriptional regulation
of UCP1 and other thermogenic genes at these complex regula-
tory sites. Such an effect of thiamine on gene transcription was re-
ported earlier observing inhibition of p53 DNA binding by thiamine
in living cells [54]. Phosphorylation mediated or TPP-dependent
metabolic changes occurring during thermogenesis may also gen-
erate so far not identified, indirect gene regulatory signals.

Thiamine deficiency leads to several neurological diseases, such
as Beriberi or Wernicke’s encephalopathy and Korsakoff psychosis
referred to as Wernicke-Korsakoff syndrome (WKS) [55]. The high
sensitivity of humans to thiamine deficiency is probably linked to
low circulating thiamine concentrations and low TPP tissue con-
tent [42]. The main symptoms of WKS are ataxia, memory impair-
ment, confabulation, and hypothermia which is often reported as
a secondary symptom. One of the main causes of these diseases is
chronic alcohol consumption which leads to impaired thiamine ab-
sorption. It has been reported that thiamine deficiency leads to the
lesion of the hypothalamus, which plays an important role in reg-
ulating body temperature, appetite, and vegetative functions [56].
Human case studies have reported that the hypothermic condition
can be restored after 2 d of parenteral administration of thiamine
[57]. Our results suggest that in addition to causing impairment
of hypothalamic thermoregulation, thiamine deficiency may also
compromise peripheral thermogenesis in brown/beige adipocytes
contributing to hypothermia of WKS patients.

Alcohol consumption also positively correlates with visceral
fat accumulation in healthy individuals [58,59], which may be
partially caused by the disturbance of thiamine absorption and
metabolism. Thiamine deficiency has also been reported in pa-
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tients with type 1 or 2 diabetes [60] and thiamine supplemen-
tation (100 mg, 3 x 100 mg daily) which is about 100 times
higher than the recommended daily allowance [61] for 6 weeks
improved glucose tolerance in hyperglycemic individuals [62]. It
has also been reported that thiamine supplementation may pro-
vide beneficial effects in patients with type 2 diabetes by improv-
ing lipid and creatinine profiles [63]. Individuals with obesity ex-
erted significant thiamine deficiency before undergoing bariatric
surgery [64-68]. A study in Thailand revealed a 42% prevalence
of thiamine deficiency among children with obesity [69]. Another
study in Mexican American children showed that low thiamine in-
take is inversely associated with higher adiposity [70]. Our previ-
ous study revealed that ThTr2 expression was lower in neck fat de-
rived adipocytes isolated from individuals carrying FTO rs1421085
obesity risk alleles CC compared to risk-free alleles TT [12]. A re-
cent report demonstrated that SC adipose tissue isolated from in-
dividuals with obesity expressed lower ThTr2 as compared to lean
individuals and the expression of ThTr2 positively correlated with
weight loss [36] suggesting its possible role in augmentation of
energy metabolism. Thiamine supplementation prevented obesity
and obesity-associated metabolic disorders in OLETF rats [71]. Alto-
gether, these reports and our presented findings on the stimulatory
effect of thiamine on thermogenesis evoke the possibility of using
thiamine in future antiobesity protocols to augment heat genera-
tion by thermogenic adipocytes.
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